The peculiar Co, Zn and Mn rich chromian spinels are hosted by magnetite veins, serpentinites and chromitites of the mantle section of the Proterozoic Bou Azzer ophiolite, Morocco. The spinel is complexly zoned either optically or chemically, and exhibits anomalously high MnO, ZnO and CoO contents (up to 22, 7.5 and 2 wt%, respectively). It has four distinct optical zones particularly in the magnetite veins and less typically in serpentinites. The highest level of these elements, probably divalent, is recorded within the ferritchromite zone and/or within the core zone if the ferritchromite zone is absent. These elements as well as Fe exhibit enrichment along grain boundaries and fractures of the altered spinels. Fe, Mn, Zn and Co were most probably supplied from olivine upon severe serpentinization during and after obduction of the ophiolite.
INTRODUCTION
Mn rich magnetite (jacobsite), and Zn and Mn rich (Cr free) spinels (galaxite and gahnite, respectively) are well known, but chromian spinels rich in Co, Zn and Mn are quite rare and unusual (e.g., Wylie et al., 1987; Shcheka et al., 2001; Economou, 2003) . The highest MnO content (up to 20 wt%) of zoned chromian spinel with very low ZnO content was reported by Michailidis (1990) from Edessa, Northern Greece. The highest ZnO content (up to 19 wt%) of zoned chromian spinel with 1.26 wt% MnO was reported by Wylie et al. (1987) from Sykesville district, eastern USA. CoO and, ZnO and MnO contents in excess of 0.1 (mostly < 0.05) and 0.5 wt%, respectively, are rather unusual for chromian spinels in ultramafic rocks (e.g., Paraskevopoulos and Economou, 1981; Groves et al., 1983; Barnes, 2000; Ahmed et al., 2001) . A variety of origins have been proposed for the Co ± Zn ± Mn enrichment in chromian spinels; secondary (e.g., Bevan and Mallinson, 1980; Economou, 1980, 1981; Wylie et al., 1987; Michailidis, 1990; Abzalov, 1998; Barnes, 2000; Shcheka et al., 2001; Economou, 2003) and/or primary (e.g., Czamanske et al., 1976; Groves et al., 1977 Groves et al., , 1983 Malakhov, 1983) . Comprehensive models for Co , Zn and Mn rich chromian spinel have not been constructed yet. Groves et al. (1983) , Spry and Scott (1986) and Wylie et al. (1987) pointed out the possibility of using Zn rich spinels as a prospecting tool for Cu Zn Ni (Co) sulfide mineralization. The close proximity between the serpentinites bearing Co, Zn and Mn rich chromian spinels and the famous Bou Azzer cobalt arsenide orebodies (e.g., Leblanc and Billaud, 1982) could reflect the importance of such peculiar chromian spinels in terms of exploration.
This paper documents unusual chromian spinels containing up to 22 wt% of MnO and appreciable amounts of Zn and Co from the Bou Azzer serpentinite of the Late Proterozoic age. According to our knowledge that MnO value is the highest of all ever documented for chromian spinels. We describe in detail the optical and chemical characteristics of this peculiar chromian spinel in order to establish the origin of Co , Zn and Mn rich chromian spinel in peridotite during low temperature metamorphism.
GEOLOGICAL SETTING
The Bou Azzer area is located about 300 km east of Agadir city, within the central part of the Moroccan Anti Atlas Mountains (Fig. 1) . It is one of the exposed NE trending inliers, constituting the Anti Atlas crystalline basement (Ennih and Liégeois, 2001) . It forms an elongate WNW ESE trending belt, about 60 km long and 5 10 km wide (Fig. 1) . The Bou Azzer ophiolite is situated along the Major Anti Atlas Fault (Choubert, 1947) , which demarcates a suture zone separating the two major tectonic unites: the Paleoproterozoic West African Eburnian Craton (~ 2000 Ma; Charlot, 1976) to the southwest and the Neoproterozoic Pan African Orogenic Belt (600 700 Ma) to the northeast (Ennih and Liégeois, 2001) (Fig. 1) . Ennih and Liégeois (2001) postulated that the northern edge of the West African Craton extended up to the South Atlas Fault. According to Saquaque et al. (1989) , the Bou Azzer region consists of, from south to north, accretionary mélange, ophiolites and forearc basins (Fig. 2) . The Bou Azzer ophiolite, 4 5 km thick, offers almost a complete sequence from the mantle section at the base to the volcano sedimentary cover at the top overlying basalts (Leblanc, 1981; Bodinier et al., 1984) .
The mantle section mainly comprises completely serpentinized harzburgite with small amounts of dunite lenses and bands. Small scale chromitite pods enveloped by dunite are concordant with the harzburgite foliation. By contrast, pyroxenite dykes are discordant to the harzburgite foliation. During and after the major Pan African tectonic phase (685 ± 15 Ma; Clauer, 1976 ) the Bou Azzer mantle peridotites have been completely serpentinized (Leblanc, 1981) . Moreover, Leblanc and Billaud (1982) recorded some dialogite (rhodochrosite) horizons where chrysotile asbestos has been exploited. Two types of unique hydrothermal magnetite veins (Types I and II) (Fig. 3A , B) (≤ 2 and ≤ 20 cm in thickness, respectively) have been discovered and described in the Bou Azzer serpentinized harzburgite (Gahlan et al., 2006) . In addition, no dunite halos have been observed surrounding Types I and II magnetite veins. All magnetite veins show clear cut contacts with no thermal effects on the host serpentinized harzburgite. Overall, magnetite veins are widespread within the Bou Azzer serpentinites. No systematic relations between attitudes of the veins and foliation of the host serpentinites have been observed. Furthermore, a well developed network veining structure has been observed for Types I and II magnetite veins (Fig.  3B ). This mode of occurrence testifies that they had formed filling the late fractures and cracks of the host rocks (Gahlan et al., 2006) .
Being worked since 1930, the economically famous Bou Azzer district produced ≥ 50000 t (4 8% of the annual world production) of cobalt metal from Co arsenide mineralization in quartz carbonate gangue (e.g., Leblanc and Billaud, 1982; Leblanc, 1986) . Overall, the cobalt orebodies are placed mainly along the boundaries of serpentinites (e.g., Leblanc, 1986) (Fig. 2) . They display two different modes of occurrence: sub vertical (loads, veins and small stocks) and sub horizontal (flat lenses and complex shells), depending on the opposite wall rocks (e.g., Leblanc and Billaud, 1982) . The opposite wall rocks are generally quartz diorites and/or gabbros in the former, and silicic flows (Ouarzazate Formation) and/or Eburnian gneisses in the latter (e.g., Leblanc, 1986; Maacha et al., 1998) . It is worth to mention that, there have been no reports refer to the above mentioned magnetite veins accompany the Co arsenide orebodies. Leblanc, 1975; Saquaque et al., 1989) .
PETROGRAPHY Magnetite veins, serpentinites and chromitites
The magnetite veins are classified into two types, I and II (Gahlan et al., 2006) . Type I veins are simple in lithology and composed mainly of fibrous magnetite with up to 1 wt% NiO, and subordinate serpentine and hematite. Type II veins (Fig. 3) , more complicated in lithology, are composed mainly of stout and/or octahedral magnetite with less than 0.1 wt% NiO, and also contain serpentine, chlorite, talc, fine grained talc carbonate aggregates, garnet (andradite), Mn rich chromian spinel and hematite.
The serpentinized harzburgite is composed mainly of serpentine (lizardite/chrysotile and rarely antigorite), magnetite, chlorite, stichtite, subordinate amounts of anhedral chromian spinel (mostly ~ 1% in volume) and sulfides (chalcopyrite). Bastite (10 20% in volume) is very uniform in texture and appearance, indicating one precursor pyroxene, probably orthopyroxene. In line with the petrographical characteristics of the assumed analogue Takadomari harzburgite (cpx free and relatively low opx mode from 10 to 20% in volume), Hokkaido, Japan. By contrast, the serpentinized dunite is more homogeneous and composed of serpentine (lizardite/chrysotile with subordinate amounts of antigorite), magnetite, chlorite and euhedral chromian spinel (≤ 2% in volume). The studied chromitite ore is pertaining to the disseminated ore (e.g., Matsumoto and Arai, 2001 ) with spinel mode from 60 to < 90%, and shows well developed nodular and anti nod- ular textures. The primary silicates are commonly altered to serpentine and chlorite. The relic texture suggests that the harzburgite had the mineral assemblage olivine amphibole (probably tremolite) antigorite ferritchromite before the latest serpentinization.
Co, Zn and Mn-rich chromian spinels: mode of occurrence
The studied chromian spinels occur most typically as accessory mineral inclusions within magnetite of the magnetite veins of Type II (Fig. 3) , and less typically in the serpentinites. Some of the chromian spinel grains typically exhibit four distinct optical zones (Fig. 3C ) in reflected light, although the four zones are not equally well developed in all samples.
The core of chromian spinel grains (the innermost zone) (Zone 1) is reddish brown in transmitted light, and shows dark gray homogenous color in reflected light. The core is rimmed by a homogeneous ferritchromite zone (Zone 2) (the richest in Mn) (up to 15 μm thick) with a subtle higher reflectivity than the core. The latter zone is rimmed by another homogenous ferritchromite zone (Zone 3) (up to 35 μm thick) with intermediate reflectivity. The outermost zone (magnetite) (Zone 4) shows the highest reflectivity. Razor sharp optical boundary separates each zone from the other (Fig. 3C ). In chromitite, the previously described zonation is less completely recorded along fractures and grain boundaries, and in particular, the ferritchromite zone is absent (Fig. 3D ).
The chromian spinel grains from the magnetite veins and serpentinites are equivalent to "type 2 spinel" of Barnes (2000), where spinel cores are rounded or lobate and replaced by ferritchromite with thick magnetite rims ( Fig. 3C ). Spinels in chromitites are coated by thin rims BDHX, Bearpaw depleted harzburgite xenoliths (Downes et al., 2004) . n.d., not detected. FeO * as total iron. LOI, loss on ignition. Mg# = Mg/(Mg + Fe * ) atomic ratio. n.a., not analyzed. (Fig. 3D) , and belongs to "type 1 spinel" of Barnes (2000) .
ANALYTICAL TECHNIQUES
Whole rock chemical analyses were made for serpentinites by using X ray fluorescence (XRF) spectrometer, Rigaku 3270 X, at Kanazawa University. The methods of Nakada et al. (1985) and Tamura et al. (1989) were adopted for major and trace elements analyses, respectively. Detection limits are 1 ppm for trace elements. Loss on ignition (LOI) was determined by heating the powdered sample for 5 hours at 800 °C. The analyzed serpentinized harzburgites are devoid of mesoscopic cross cutting veins or fractures filled with carbonates. Representative analyses for major and trace elements are shown in Table 1 . Electron microprobe analyses were conducted by using a JEOL Superprobe microanalyzer JXA 8800 (WDS) at the Cooperative Research Center of Kanazawa University. Analytical conditions were 20 kV accelerating voltage, 20 nA (2 × 10 −8 A) probe current, 3 μm probe diameter, and counting time of 20 s and 50 100 s for major and minor/trace elements, respectively. Various natural and synthetic standards have been used. The raw data were corrected with an on line ZAF program. All iron in silicates was assumed to be ferrous. Ti in spinel was assumed to be present as an ulvöspinel molecule. In spinel, Mn, Zn, Ni and Co are divalent, whereas, Cr and V are trivalent. Ferric and ferrous irons in spinel were calculated assuming spinel stoichiometry. Selected analyses of spinel are listed in Table 2 . We made elemental distribution maps by the microprobe at the conditions: an accelerating voltage 20 kV, probe current 100 nA, a step size of 1 μm in (X and Y), and 80 ms per step counting time.
Concentrations of selected compatible trace elements (V, Cr, Mn, Zn, Co and Ni) in serpentine and olivine were determined by laser ablation (193 nm ArF excimer: Microlas GeoLas Q plus) inductively coupled plasma mass spectrometry (Agilent 7500S) (LA ICP MS) at the Incubation Business Laboratory Center of Kanazawa University (Table 3) . Analytical details are shown in Morishita et al. (2005) . Each analysis was performed by ablating 50 μm diameter spots for serpentine (avoiding contamination from the nearby magnetite) and olivine at 3 Hz with energy density of 8 J/cm 2 per pulse. The primary calibration standard was NIST SRM 612 glass, with selected element concentrations from the preferred values of Pearce et al. (1997) . The standard was analyzed at the beginning of each batch of < 3 4 unknowns, with a linear drift correction applied between each calibration. The raw data were quantified by using the SiO 2 contents (determined by EPMA) as an internal standard, following a protocol essentially identical to that outlined by Longerich et al. (1996) .
Mg# is Mg/(Mg + total Fe) atomic ratio for bulk rock, and Mg/(Mg + Fe 2+ + Mn + Zn) atomic ratio for spinels. Cr# is Cr/(Cr + Al) atomic ratio, and Y Fe is Fe 3+ /(Cr + Al + Fe 3+ ) atomic ratio in spinels.
GEOCHEMISTRY

Bulk rock chemistry
The serpentinites have rather restricted ranges of MgO and SiO 2 (37 40 and 39 40.5 wt%, respectively) ( Table 1) . The Mg# ranges from 0.89 to 0.94. It is noteworthy to mention that the serpentinites bear Mn rich spinels contain appreciable amounts of MnO (up to 0.2 wt%) ( Table 1, No. 3 and 4). However, the serpentinites free of Mn rich spinels are more depleted in MnO (Table 1, No. 1 and 2). The compatible trace elements (Cr, Co, Ni, V and Zn), which are relatively immobile during alteration (Hébert et al., 1990) , are generally in comparably high concentrations (Table 1) . As well, Cu exhibits considerably high concentrations (up to 44 ppm).
Mineral chemistry of the Co, Zn and Mn-rich chromian spinels
Chromian spinel cores have distinctly higher Mg# in chromitite than in serpentinite and magnetite veins (Fig.  4) . The Mg# is well negatively correlated with Cr# for chromian spinel core only in the magnetite veins (Fig. 4) . Instead, Cr 2 O 3 contents are negatively correlated with Al 2 O 3 for chromian spinel cores only in serpentinites and chromitites (Fig. 5) (Fig. 6) . Chromian spinel cores overall show a wide range of MnO in spite of the narrow range for Cr 2 O 3 contents, irrespective of the rock type (Fig. 7 ) (e.g., Paraskevopoulos and Economou, 1981) . The vast majority of the Mn rich chromian spinels from Bou Azzer reveal a specific field in the MgO MnO space as compared with other analogues in the world (Fig.  8) . Mn, Zn and Co vary in antipathy with Mg (Fig. 6) , possibly indicating the divalent character of the former. Chromian spinels of the Bou Azzer chromitites show primary Cr rich and Fe 3+ poor cores, and magnetite rims with very low Cr contents (Fig. 9) . The chromite magnetite miscibility gap is clearly absent in serpentinites and magnetite veins (Fig. 9) . Moreover, chromian spinel rims show higher Cr contents in the magnetite veins than in serpentinites.
The most striking feature in chemistry of the studied chromian spinels is the extension to extremely high Mn, Zn and Co compositions (in the order of abundance) (Fig.  6 ). The core zone 1 (Fig. 3C) increase at the expense of Cr and Al (Fig. 10) . The rim zone 4 is characterized by a strong systematic enrichment in Fe +3 and Fe +2 with marked depletion in the other constituents except Cr, which is sometimes appreciable. It is worth to mention that the Mn, Zn and Co enrichment level attains the highest in the spinel core zone 1 when the ferritchromite zones (2 and 3) are absent (Fig. 11E G) . The cryptically zoned Mn rich chromian spinels are similar to the optically zoned ones in MnO and, to lesser extent, NiO zoning patterns (Figs. 10 and 12 ). They are, however, clearly different in ZnO, CoO, TiO 2 , and V 2 O 3 zoning patterns (Figs. 10 and 12) . Moreover, the ferritchromite zone is incipiently developed near the rim (the right hand side rim of Fig. 12 ).
Compositional profiles reveal the presence of only two compositional zones, the chromian spinel core and magnetite rim, in chromitites (Fig. 13) . Ti, V, Fe +3 , Ni, Zn and Co, and, to lesser extent, Mn increase outward in the core zone. An abrupt depletion in almost all major and minor elements except Fe is observed in the magnetite rim (Fig. 13) . TiO 2 and V 2 O 3 zoning patterns of spinels in chromitite (Fig. 13 ) are similar to those of the optically zoned ones in magnetite veins (Fig. 10 ) but clearly different from those in the cryptically zoned ones in serpentinites (Fig. 12 ). There is a somewhat similarity in Al 2 O 3 zoning pattern of spinels between chromitites and magnetite veins (Figs. 10 and 13) . Furthermore, ZnO and, to lesser extent, CoO zoning patterns of spinels in chromitite (Fig. 13 ) are similar to those of the cryptically zoned ones in serpentinites (Fig. 12) but clearly different from those in the optically zoned ones in magnetite veins (Fig. 10) .
The level of Mn, Zn and Co enrichment in chromian Data of Mn rich spinels from serpentinites of northern Greece Economou, 1980, 1981) , Sykesville serpentinite, Maryland (Wylie et al., 1987) , Mashaba chromite, Zimbabwe (Bevan and Mallinson, 1980) , chromitite of Aosta Valley, Italy (Diella, 1994) , Khanka ophiolite, Far East Russia (Shcheka et al., 2001) spinels generally decreases from magnetite veins through serpentinites to chromitites (Fig. 6) . Note that the highest ZnO content (up to 7.5 wt%) (Table 2, No. 9) is recorded in the Mn rich ferritchromite zone of only one spinel grain in serpentinite. In addition to the very pronounced concentric zonation, Fe, Mn, Zn and Co are also concentrated along cracks (Fig. 11) . The degree of smoothing for minor elements in the chromian spinels is higher in magnetite veins and serpentinites than in chromitites (Figs. 10, 12 and 13) .
Trace elements in serpentine and olivine
In order to examine the possibility of internal source of Mn, Zn, Co and Ni we compared their contents in serpentine and olivine by LA ICP MS analysis (Table 3) . We analyzed serpentine of the Bou Azzer harzburgite taking care of avoiding the contamination from the nearby magnetite and other minerals. Because of the complete serpentinization of the Bou Azzer mantel peridotites, we analyzed olivines (Fo 92 ) in a depleted harzburgite from Takadomari ophiolite, Hokkaido (Tamura et al., 1999) as an analogue of precursor olivine of the Bou Azzer serpentine. The latter harzburgite has high Cr# (around 0.7) chromian spinel, and is almost equivalent to the protolith of Bou Azzer serpentinized harzburgite. Olivines in peridotite restites formed at a similar degree of melting are expected to have similar contents of Ni and Mn (and other elements) (e.g., Takahashi, 1986) . To compare with the Takadomari olivine, the serpentine from Bou Azzer is markedly low, by several times, in these elements (Fig.  14) .
DISCUSSION
Origin and source of Mn ± Zn ± Co enrichment in chromian spinel
The magmatic origin of Mn, Zn and Co enrichment in the Bou Azzer chromian spinel seems improbable, although the magmatic (primary) enrichment had been postulated for some spinels, such as La Perouse layered gabbro Mn rich spinel (Czamanske et al., 1976) and West Australian Zn rich ferritchromite (Groves et al., 1977 (Groves et al., , 1983 . Serpentinization can redistribute Fe of the primary silicates (Ramdohr, 1967; MacFarlane and Mossman, 1981) , Ni (Bliss and MacLean, 1975) and Lehmann (1983) extended this idea to Mn. Our analyses suggest that Zn and Co are released from olivine and also redistributed on serpentinization (Table 3 and Fig. 14) .
Two kinds of sources have been proposed for Mn ± Zn ± Co enrichment in chromian spinel, internal (e.g., Economou, 1980, 1981; Michailidis, 1990; Barnes, 2000; Shcheka et al., 2001) or external (e.g., Bevan and Mallinson, 1980; Wylie et al., 1987; Economou, 2003) . Liipo et al. (1995) proposed a hybrid idea that the Zn enrichment in Outokumpu Jormua chromite is due to pre metamorphic reactions: contamination by large Cu Co Zn Au ores and internal post cumulus reactions. It is clear that the Mn, Zn and Co enrichment in the Bou Azzer chromian spinel is of secondary origin, associated with low temperature alteration (e.g., Michailidis, 1990; Barnes, 2000) , because their enrichment proceeded along grain boundaries and cracks of chromian spinel (Fig. 11) .
The trivalent ion (Cr Al Fe   3+ ) compositions of the pair chromite magnetite are a sensitive indicator of the metamorphic grade (Barnes, 2000) . Consequently, we can expect a metamorphic temperature up to 600 °C (see the phase diagram of Sack and Ghiorso, 1991) for the peak metamorphic conditions around the mid amphibolite facies. Three metamorphic events have been recognized on the Bou Azzer serpentinites: ocean floor serpentinization prior to thrusting (M 1 ), low grade regional metamorphism accompanying the ophiolite obduction (M 2 ) and the latest serpentinization (M 3 ). M 2 was continuous to M 3 . We believe that chromian spinel grains were intensively fractured during the incipient serpentinization (M 1 ) due to volume change (e.g., Tyrell, 1950) . Severe serpentinization during and after the ophiolite obduction (M 2 to M 3 ) accounts for the modification of chromian spinels and precipitation of magnetite veins. Mn, Zn, Co and Ni released from olivine on decomposition were incompatible with serpentine minerals (Fig. 14) and were mobile through hydrothermal solution involved in serpentinization. They were added to chromian spinels. This result strongly supports the possibility of the internal source of these elements for enrichment of chromian spinel on serpentinization. The wide variation of Mn content of serpentinite around the value of Takadomari olivine (= possible protolith analogue) indicates the high mobility of Mn during serpentinization (Fig. 15) . Mn added to some of serpentinites to alter chromian spinel (Table 1) . Zn has the same tendency although to a lesser extent (Fig. 15) . Co was clearly removed from the peridotite on serpentinization (Fig. 15) , possibly having contributed to precipitate Co ores of the Bou Azzer outside of the serpentinites (e.g., Leblanc and Billaud, 1982) apart from slight enrichment of altered chromian spinel. Ni concentrations of serpentinite are around the Takadomari olivine (Fig. 15) , indicating its immobility from the peridotite system during ser- pentinization. Mobility of Mn through hydrothermal fluids in the area of Bou Azzer is suggested by the presence of dialogite (rhodochrosite) horizons (Leblanc, 1981; Leblanc and Billaud, 1982) . We intimate that Mn is susceptible to leach by fluids due to its relatively low ionic potential (e.g., Stanton, 1972) .
The enrichment mechanism of Mn ± Zn ± Co in chromian spinel
The highest Mn and Zn, and to lesser extent Co enrichment levels of chromian spinel are observed generally in the ferritchromite zone (Fig. 10) . The origin of ferritchromite has been controversial, but alteration of magmatic chromian spinel is now widely accepted (e.g., Michailidis, 1990) . The lack of mineral or fluid inclusions (pits) in ferritchromite surrounding the corroded chromian spinel core (Fig. 3C) indicates that their interface does not represent grain surface on which ferritchromit overgrew; but it represents reaction front being assisted by diffusive elemental exchange with the surrounding oxidized environment (e.g., Bliss and MacLean, 1975; Barnes, 2000) . Moreover, the smooth rounded morphology of the interface is consistent with this idea. The disappearance of the ferritchromite phase from spinel of chromitites (Fig. 9) is due to the low iron content of the associated precursor olivine (Fo 95 Fo 97 ; e.g., Arai, 1980) , which was equilibrated with spinel at a somewhat low temperature.
The Mg depletion in the Bou Azzer chromian spinel is accompanied by a marked increase in Mn, Zn and Co, and a Ni decrease (Fig. 6) . Mn, Zn and Co are preferentially taken up by chromian spinel or ferritchromite, whereas Ni is preferentially partitioned into magnetite (e.g., Bliss and MacLean, 1975; Barnes, 2000) . Detailed examination of elemental distribution (Figs. 10 12) indicates that Mn, Zn and Co have the same behavior and exhibit a contemporaneous introduction during the metamorphism and alteration. Mn and Co, however, penetrated to a greater distance than Zn in the chromian spinel crystal, as a result of different rates of diffusion (Fig. 11A C) .
The Ni behavior in chromian spinel of the magnetite veins is enigmatic; it shows its highest value within the outer part of the ferritchromite zone 3 (up to 2.7 wt%) and abruptly decreases to very low values within the magnetite rim (Fig. 10) . NiO content of the primary chromian spinel is low (Table 2, No. 4), and so, it is improbable that the Ni in the ferritchromite zone 3 was totally derived from the chromian spinel core (e.g., Bliss and MacLean, 1975) . We suggest that Ni diffused inward from the magnetite rim to the core during the metamorphism, although the outward decrease of Ni within the ferritchromite is difficult to explain (Fig. 10) . The sharp peak of Ni in the ferritchromite zone 3 (Fig. 10) is possibly due to the large difference in diffusion rate of Ni in magnetite (fast) and chromian spinel (slow).
The enrichment of the Bou Azzer chromian spinel with Mn, Zn and Co, and the ferritchromite formation were governed by a complicated combination of factors: fluid/rock ratio, the relevant fluid rate of influx, partition coefficients of the elements between spinel and the relevant fluid, the relevant fluid pH, metamorphic temperature, spinel fracture system and relevant fluid accessibility (e.g., Harker, 1974) . Moreover, the degree of minor element smoothing seems to be a function in the later combination of factors. The most important factor is the fluid/ rock (i.e. chromian spinel) ratio and partition coefficients of the elements between spinel and the relevant fluid. The enrichment of Mn, Zn and Co in chromian spinel increases, on average, from chromitite through harzburgite to magnetite veins (Fig. 6) . The effective fluid/spinel ratio on serpentinization may have increased in this order. The ratio was the lowest in chromitite, because of the high modal abundance of spinel. It was the highest in and around the conduits of hydrothermal solution, which was filled with the secondary magnetite (Gahlan et al., 2006) . Furthermore, we suggest the effective fluid/rock ratio was especially higher in the Bou Azzer serpentinites (peridotites) than in other serpentinite bodies where no magnetite veins have documented.
The Bou Azzer cobalt (Ni Fe) arsenide deposits (4 Figure 14 . Trace element patterns of Bou Azzer serpentine normalized to olivine of the highly depleted harzburgite from Takadomari ophiolite, Hokkaido, Japan (Tamura et al., 1999) . Each analysis is an average value from more than three analyses. Note that Bou Azzer serpentine is markedly lower, by several times, in Mn, Co, Ni and Zn than olivine. Each number indicates the sample number listed in Table 3. 8 % of the annual world production from the Co metal; Leblanc and Billaud, 1982 and references therein) in spatial association with the serpentinites support the conclusion: Zn and Mn rich spinels are indicators of Co Ni Zn Cu sulfide mineralization or mineralizing environments associated with serpentinites and serpentinized ultramafics (e.g., Groves et al., 1977; Wylie et al., 1987) .
SUMMARY AND CONCLUSIONS
1. We discovered and described for the first time a peculiarly zoned Co ± Zn ± Mn rich chromian spinel in magnetite veins, serpentinites and chromitites (in the order of enrichment) from the Bou Azzer mantle section. Co ± Zn ± Mn rich chromian spinel sometimes shows a complex optical (up to four zones), cryptic and chemical zonation.
2. The enrichment of Mn, Zn and Co in chromian spinel increases, on average, from chromitites through harzburgites to magnetite veins. Mn, Zn and Co have the same behavior and attain their highest concentrations along the chromian spinel grain boundaries and fractures, which played an important role as pathways for involved fluids (Fig. 11) . 3. The Mn, Zn and Co enrichment and the ferritchromite formation are governed mainly by fluid/spinel ratio and partition coefficients of the elements between spinel and the relevant fluid among other factors. 4. Co, Zn and Mn rich spinels are considered manifest indicators of Co Ni Zn Cu sulfide mineralization or mineralizing environments associated with serpentinites. Table 1 ), serpentine (Bou Azzer; Table 3 ) and olivine (Takadomari; Table 3 ). Note that the Takadomari olivine is an analogue of the precursor of the Bou Azzer serpentine, and is almost equivalent to the harzburgite protolith of the Bou Azzer serpentinite because olivine is the main reservoir of these elements.
